Abstract Caspase 14 is one of the latter discovered members of the caspase enzyme family and, although sharing sequence homologies with the other caspases, it is not involved in apoptosis. Together with its co-factor filaggrin, it plays an important role in skin barrier formation. It is already known that caspase 14 proteins are reduced during neoplastic dedifferentiation in cervical intraepithelial neoplasms and in invasive cervical carcinomas. Oral squamous carcinoma tissues have not been systematically evaluated for caspase 14 expression yet. Formalin-fixed and paraffin-embedded samples from oral squamous carcinomas (n = 36 tumours from 34 patients), metastases (n = 15) and controls (leukoplakia, n = 10) were analysed by immunohistochemistry. In carcinomas, human papilloma virus (HPV) infection was tested by PCR. Here we demonstrate that, in oral epithelia, caspase 14 is expressed mainly by cells of the intermediate and superficial cell layers while filaggrin is expressed only in keratinising foci in leukoplakia. Caspase 14 and filaggrin are co-localised. In invasive oral carcinomas, reduced expression of caspase 14 was detectable in 47 % of tumours but was not associated with keratinisation, tumour differentiation or HPV infection. Filaggrin was detectable in a subfraction of tumours (56 %) and was restricted to keratinising areas of the carcinomas. In summary, in contrast to cervical carcinomas, partial loss of caspase 14 is not associated with dedifferentiation in neoplastic lesions of the oral mucosa or HPV infection.
Introduction
Caspases are a protein family which are major mediators of apoptosis. After exogenous or endogenous induction of apoptosis, inactive cytoplasmic pro-caspases are cleaved and activated in a cascade which transmits the signal for initiation of cell death to the nucleolus. This leads finally to degradation of DNA and disintegration of the cell. One exemption is 19p13.1-encoded caspase 14 which shares homologies with other caspases but is not involved in apoptosis, e.g. activation of other caspases during apoptosis does not include activation of caspase 14 in the cell death signal cascade [1] . It was found to be expressed in epithelial cells and is associated with differentiation. The tissue which mainly expresses caspase 14 is the skin (epidermal cells and hair follicles) and the protein can also be detected in the choroid plexus, the retinal pigment epithelium and thymic Hassall's bodies but also in placenta trophoblast cells where caspase 14 is involved in trophoblast differentiation [2] [3] [4] [5] . In the skin, in addition to caspase 14, apoptosis-associated caspases 1-4 and 6-10 are expressed [6] . In proliferating cells, caspase 14 expression is decreased while induction of terminal differentiation of epidermal keratinocytes leads to up-regulation [7, 8] . The expression of pro-caspase/caspase 14 is increased after cell stimulation by vitamin D3 and decreased by vitamin A [9] . Caspase 14-associated transcription factors are GATA binding protein 3 (GATA3), jun proto-oncogene (JUN) as well as nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 (NFKB1) [10, 11] . The production of inactive pro-caspase 14 increases from supra-basal cells of the stratum spinosum to more apical cells of the stratum granulosum and stratum corneum. The basal cell layer shows weak or absent pro-caspase 14 expression. In the granular layer, caspase 14 was found to be associated with the nucleus and in the cytoplasm with the keratohyalin granules and the desmosomes [12] . Caspase 14 is activated in the apical layers where the cells also express the cofactor of caspase 14 filaggrin and cleavage of pro-filaggrin to filaggrin is associated with activated caspase 14 [12, 13] . The functions of caspase 14 and filaggrin are the protection against UVB light and these proteins are also involved in the hydration status of the skin [12, [14] [15] [16] [17] [18] . Caspase 14 is involved in degenerative and neoplastic diseases. In line with its regulatory function of filaggrin activation, in patients with atopic dermatitis, active caspase 14 is markedly down-regulated [19] . Loss of glucocorticoid receptor function correlates with the lack of processing of caspase 14 [20] .
In epithelial neoplasms, aberrant caspase 14 expression has been shown in cervical carcinoma, breast cancer, lung squamous carcinomas as well as lung adenocarcinomas and colon carcinomas but gene mutations are mainly absent [21] [22] [23] [24] . Cancer cell line A431 (epidermoid cancer), OSC2 (oral squamous cancer), HSG (salivary gland cancer) do not express caspase 14 but exogenous expression of caspase 14 led to growth inhibition and reduced the tumorigenicity [25] . In non-keratinising cervical epithelial cells, it has been demonstrated that the apically pronounced expression pattern of caspase 14 is similar to skin epithelial cells and that caspase 14 proteins are reduced during neoplastic basaloid dedifferentiation in cervical intraepithelial neoplasm type I-III (CIN I-III) and in invasive carcinoma [22] . Approximately 80 % of cervical carcinomas mainly lost caspase 14 expression [22] . In a later study, it could be demonstrated that human papilloma virus (HPV)-derived protein E6, a virus known to be associated with development of cervical and oral carcinoma, disrupts terminal skin differentiation and prevents pro-caspase 14 cleavage [26] .
Oral squamous carcinoma tissues from patients have not been systematically evaluated for caspase 14 expression. We hypothesised that caspase 14 expression may, similar to CIN, be decreased in squamous intraepithelial neoplasms (SIN) and, similar to cervical carcinoma and oral carcinoma cell line OSC2, lost in invasive oral carcinomas. Furthermore, we analysed the co-expression of filaggrin and tested whether aberrant caspase 14 expression may be associated with HPV infection in oral squamous carcinoma.
Materials and Methods

Study Group
Tumour samples and corresponding resection margins (n total = 36) from a total of 34 patients were included in this study, including three local relapse samples from one patient. In this latter case, after initial diagnosis and resection of a squamous carcinoma of the tongue, the tumour relapsed after seven, nine, 16 and 17 years after initial presentation. Samples from the nine, 16 and 17-year relapses were available for analysis. Carcinomas of all other patients were primary manifestations before radio-/ chemotherapy. In 15 patients, metastases from lung (n = 1), skin (n = 1) and lymph nodes (n = 13) were evaluated. For control purposes, non-neoplastic hyperplasias/leukoplakias (n total = 10) from a total of nine patients without simultaneous carcinoma and from one of the carcinoma cases (leukoplakia 2 years after tumour resection) were analysed. Further details are provided in Table 1 .
Ethical Background
All samples had been taken as part of standard clinical care. Samples were formalin-fixed and paraffin-embedded (FFPE) and were retrieved from the tissue archive of the Institute of Pathology, Hannover Medical School. The retrospective analysis of these clinical samples, after the diagnosis had been established, was approved by the local Ethics Committee, Hannover Medical School.
Detection of Caspase 14 and Filaggrin
For protein expression analysis, we used *1 lm FFPE sections. Xylol-deparaffinised sections were pre-treated in an autoclave prior to incubation with antisera: anti-caspase 14 antibody (1:200, monoclonal mouse, clone D-10, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), antifilaggrin antibody (1:100, monoclonal mouse, clone SPM181, GeneTEx, Inc., Irvine, CA, USA), anti-GATA3 antibody (1:200, monoclonal mouse, clone L50-823, Biocare Medical, Concord, CA, USA) and anti-p16 antibody (cyclin-dependent kinase inhibitor 2A, CDKN2A/p16; ready-to-use, monoclonal mouse, Merck KGaA, Darmstadt, Germany). Both antibodies detect the inactive precursor proteins of caspase 14 and filaggrin as well as the active proteins. Both antibodies have been validated in FFPE sections from skin tissue. A ZytoChem-Plus HRP Polymer kit (Zytomed Systems, Berlin, Germany) and DAB (Dako, Glostrup, Denmark) were used for visualisation of immunostaining. Sections were counterstained with haematoxylin.
Immunohistochemistry for caspase 14 and filaggrin was scored semi-quantitatively as described before [27] [28] . A chip-based LCD Array HPV Kit was used according to the manufacturer's instructions (Chipron, Berlin, Germany). Samples without HPV-DNA PCR products were classified as negative; the sensitivity of the PCR for all the above-mentioned HPV types is reported by the manufacturer to be 20 virus copies/lg extracted DNA. Cases with PCR products were further analysed on a chip for determination of the particular HPV species. Controls: FFPE tissue-derived DNA from HPV16-positive cervix sample and DNA-free water.
Statistical Analyses
Intensity and percentage of caspase 14 and filaggrin expressing tumour cells were compared according to the following groups: non-/minimal-keratinising versus keratinising carcinomas, histological grade of differentiation, HPV? versus HPV-cases and primary tumour versus metastasis. Data were statistically analysed with Prism 5.0 (GraphPad Software, San Diego, CA, USA) by applying two-tailed t test (Mann-Whitney test). Median and ranges were calculated with Prism 5.0.
Results
Co-localisation of Caspase 14 and Filaggrin in Oral Hyperkeratotic Lesions
In oral epithelia of resection margins, caspase 14 was expressed mainly by cells of the intermediate cell layer and superficial cells, while positivity of the basal cell layer was variable (Fig. 1) . The protein was mainly localised in the cytoplasm and nuclear expression was variably present. Filaggrin was not expressed in oral epithelia but in skin (stratum granulosom and stratum corneum) and hair follicles (in one tumour sample, the adjacent normal skin was evaluable). Immunohistochemistry of the caspase 14-associated transcription factor GATA3 was tested but, in our case, the staining was negative.
In leukoplakia, caspase 14 expression was more intense in the keratinising areas and co-localisation of filaggrin was detected only in these keratinising lesions (supplementary Figure 1) .
Expression of Caspase 14 in Oral SIN and Invasive Squamous Carcinomas
In SIN, irrespective of the grade of dysplasia, a general reduction or loss of caspase 14 was not observed (Fig. 1) . Similar to leukoplakias, filaggrin was expressed only in superficial keratinising areas but not in other cells.
In invasive carcinomas, caspase 14 was expressed in most cases in a pattern similar to that in oral epithelia with reactive changes (Fig. 1) : the pseudo-basaloid cells were mainly negative while the intensity increased in the pseudo-superficial keratinised cells and caspase 14 accumulated mainly in Table 1 Characterisation of the study group T1 (9) T2 (14) T3 (3) T4 (8) Nx (3) N0 (9) N1 (9) N2 (13) M1 (5) G1 (2) G2 (26) G3 ( areas of keratinisation. The proteins were localised mainly in the cytoplasm and partially in the nucleus. Prominent translocation in the nucleus and loss of cytoplasmic accumulation was observed in two G3 and one G2 tumours (supplementary Figure 2) . Three local relapses of squamous carcinoma were evaluated in one case and caspase 14 expression and filaggrin was not detectable at all times. The intensity and the quantity of positive tumour cells varied. None of the carcinomas was completely negative and at least focal caspase 14 expression in the minority of cells was detectable, in particular in four cases with\10 % caspase 14-positive tumour cells. In general, in 16/34 tumours (47 %),[70 % carcinoma cells were negative and these cases were classified as having an incomplete loss of caspase 14 expression. Histopathological characteristics (non-/minimal-keratinising versus keratinising carcinomas, histological grade of differentiation) were not associated with intensity of caspase 14 expression or percentage of positive tumour cell fraction (Table 2 ; supplementary Figure 3 ). A link of caspase 14 expression to disease-free survival could not be found (supplementary Figure 3) .
Filaggrin was detectable in a subfraction of tumours (n = 15/34, 44 %) but protein expression was restricted to small foci of keratinisation. Filaggrin was detectable in most tumours in\10 % of tumour cells (n = 16/34, 47 %) and only in few cases in 10-50 % of tumour cells (n = 3/34, 9 %). Keratinisation per se was not strictly associated with filaggrin expression and from 19/34 carcinomas with overt keratin deposition 7/19 (37 %) were negative ( Fig. 1; Table 2 ). Caspase 14 positivity/negativity correlated only in a subfraction of carcinomas with filaggrin positivity/negativity, e.g. in five carcinomas with strong caspase 14 expression (immunostaining grade 3?), three showed focal filaggrin expression (1? and 2?) while the other two were filaggrin-negative.
HPV is not Associated with Reduced Caspase 14 Expression in Oral Squamous Carcinomas
HPV was tested by PCR and two carcinoma samples showed HPV-PCR products (n = 2/34; 3 %), a result which corresponds to other findings [29] . Sub-typing of HPV by chip assay showed HPV 16 in both cases and CDKN2A/p16 was strongly expressed in tumour cells (diffuse and confluent staining pattern; supplementary Figure 4 ). In one of these two cases, 40 % of carcinoma cells were strongly immuno-positive for caspase 14 while the other case showed weak staining in 10 % carcinoma cells.
Similar Expression of Caspase 14 Expression in Primary Oral Tumour and Metastasis
Comparison of primary carcinomas with metastasis revealed a similar caspase 14 expression pattern in most cases (supplementary Table 1 , supplementary Figure 2) . Expression of caspase 14 in primary carcinoma but loss of caspase 14 in metastasis was observed in 4/15 (26 %) cases; in all four cases filaggrin was co-expressed in the primary tumour but was expressed in only 2/4 metastasis.
In cases with keratinisation-associated caspase 14 accumulation, metastatic cells also accumulated caspase 14 in keratinising areas and, in the case with nuclear expression/cytoplasmatic loss in the primary tumour, the metastasis showed the same type of caspase 14 expression. Of note, in lymph node metastasis but also in lymphocytes in the connective tissue of primary carcinomas, the normal lymphocytes were negative for caspase 14 (supplementary Figure 2) .
Discussion
Caspase 14 is one of the latter discovered caspase family members and it is remarkable that, although sharing sequence homologies with other caspases, this factor is not involved in apoptosis [1, 6, 12] . For example, in highly proliferating haematopoietic cells which constantly undergo apoptosis and apoptosis-like processes, caspase 3 and caspase 9 but not caspase 14 is expressed [30] . Accordingly, we found no caspase 14 expression in lymphocytes in oral mucosa-associated lymphatic tissue or lymph nodes. Skin pathologies and several cancer types have been investigated earlier [21] [22] [23] [24] but neither oral squamous epithelia nor oral squamous cancer has been analysed for the expression of differentiation-associated caspase 14. Similar to skin and normal cervix epithelia [7, 8, 21, 22] we found accumulation of caspase 14 in the apical layers of the oral mucosa while its co-factor filaggrin is not expressed in non-keratinizing oral epithelia. Histopathological changes in terms of leukoplakia are paralleled by increased caspase 14 accumulation and, similar to previous finding [31] , we found that filaggrin is now also expressed in the aberrantly keratinizing areas.
An epithelia type similar to oral mucosa is cervix mucosa and in association with progressive dedifferentiation of cervix epithelia to carcinomas caspase 14 expression is lost in most cases [22] . Furthermore, under normal conditions oral squamous cell line OSC2 does not express caspase 14 proteins [25] . Filaggrin expression is maintained in CIN I-III and well differentiated cervix carcinomas but is lost mainly in moderately and poorly differentiated cervix carcinomas [32] . In contrast to most cervix carcinomas and to the in vitro-derived data, we found caspase 14 expression in leukoplakia, SIN and in a considerable fraction of oral squamous carcinomas. While in cervix carcinoma *80 % cases show a decreased or absent caspase 14 expression [22] , in oral squamous carcinomas [50 % of tumours show no complete/partial loss of caspase 14. In this first analysis of metastatic carcinomas, we found that the pattern of caspase 14/filaggrin expression is transmitted in most cases from the primary tumour to its metastasis; in general loss of caspase 14 and filaggrin expression is not characteristic for metastases.
Co-localisation of caspase 14 and filaggrin make it likely that both factors interact in a fashion similar to skin epithelia [12] . In the granular layer of the skin, caspase 14 is localised near the nucleus, keratohyalin granules and desmosomes [12] . In oral epithelia and carcinoma we found a similar protein localisation. In one carcinoma with basaloid phenotype, caspase 14 was restricted to the nucleus but the molecular pathology of this finding remains to be resolved. The proteins accumulated mainly in keratinising areas of the carcinomas and were partially co-localised with filaggrin. Since maintenance of barrier functions are irrelevant for invasive carcinoma cells, caspase 14 and filaggrin expression may be classified as molecular changes secondary to aberrant keratinisation. However, some keratinising carcinomas were mainly negative for caspase 14 or completely negative for filaggrin, which indicates that this caspase and its co-factor are not absolutely necessary for keratin accumulation in neoplastic cells. The related molecular changes which induce reduced expression of these two proteins are mainly unknown. In breast cancer, GATA3 was found to be a caspase 14-associated transcription factor [10] while in oral squamous carcinomas GATA3 could not be detected.
Therefore, other factors, such as JUN or NFKB1, which are known to be expressed in oral cancer, might be involved in regulation of caspase 14 expression [11, 33, 34] . In oral squamous cell lines, increased expression of the NFKB1-related inhibitor conserved helix-loop-helix ubiquitous kinase (CHUK; synonym inhibitor of NFKB1, kinase alpha) is associated with reduced filaggrin expression and dedifferentiation in vitro [35] . We found no correlation with differentiation in oral squamous carcinomas in situ, neither for caspase 14 nor for its co-factor filaggrin. Furthermore, we have tested whether HPV infection might be the basis of partial loss of caspase 14 in oral cancer since HPV-encoded proteins can interfere with caspase 14 homeostasis in the skin [26] but in oral squamous carcinomas no link was found.
In summary, caspase 14 accumulates in oral mucosa in the superficial layers and filaggrin expression is restricted to keratinizing foci in leukoplakia. In oral carcinomas the pattern of caspase 14 and filaggrin expression mimic the pattern in leukoplakia. In contrast to cervical carcinomas, partial or total loss of caspase 14 is not associated with dedifferentiation in neoplastic lesions of the oral mucosa or HPV infection. 
